Abstract. Understanding the origin and dynamics of hadron structure and in turn that of atomic nuclei is a central goal of nuclear physics. This challenge entails the questions of how does the roughly 1 GeV mass-scale that characterizes atomic nuclei appear; why does it have the observed value; and, enigmatically, why are the composite Nambu-Goldstone (NG) bosons in quantum chromodynamics (QCD) abnormally light in comparison? In this perspective, we provide an analysis of the mass budget of the pion and proton in QCD; discuss the special role of the kaon, which lies near the boundary between dominance of strong and Higgs mass-generation mechanisms; and explain the need for a coherent effort in QCD phenomenology and continuum calculations, in exa-scale computing as provided by lattice QCD, and in experiments to make progress in understanding the origins of hadron masses and the distribution of that mass within them. We compare the unique capabilities foreseen at the electron-ion collider (EIC) with those at the hadron-electron ring accelerator (HERA), the only previous electron-proton collider; and describe five key experimental measurements, enabled by the EIC and aimed at delivering fundamental insights that will generate concrete answers to the arXiv:1907.08218v1 [nucl-ex] 18 Jul 2019 2 questions of how mass and structure arise in the pion and kaon, the Standard Model's NG modes, whose surprisingly low mass is critical to the evolution of our Universe.
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INTRODUCTION
Atomic nuclei lie at the core of everything we can see; and at the first level of approximation, their atomic weights are simply the sum of the masses of all the neutrons and protons (nucleons) they contain. Each nucleon has a mass m N ∼ 1 GeV, i.e. approximately 2000-times the electron mass. The Higgs boson produces the latter, but what produces the masses of the neutron and proton? This is the crux: the vast majority of the mass of a nucleon is lodged with the energy needed to hold quarks together inside it; and that is supposed to be explained by QCD, the strong-interaction piece within the Standard Model.
QCD is unique. It is a fundamental theory with the capacity to sustain massless elementary degrees-of-freedom, viz. gluons and quarks; yet gluons and quarks are predicted to acquire mass dynamically [1] [2] [3] , and nucleons and almost all other hadrons likewise, so that the only massless systems in QCD are its composite NG bosons [4, 5] , e.g. pions and kaons. Responsible for binding systems as diverse as atomic nuclei and neutron stars, the energy associated with the gluons and quarks within these Nambu-Goldstone (NG) modes is not readily apparent. This is in sharp and fascinating contrast with all other "everyday" hadronic bound states, viz. systems constituted from up = u, down = d, and/or strange = s quarks, which possess nuclear-size masses far in excess of anything that can directly be tied to the Higgs boson.
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In attempting to match QCD with Nature, it is necessary to confront the innumerable complexities of strong, nonlinear dynamics in relativistic quantum field theory, e.g. the loss of particle number conservation, the frame and scale dependence of the explanations and interpretations of observable processes, and the evolving character of the relevant degrees-of-freedom. Electroweak theory and phenomena are essentially perturbative and thus possess little of this complexity. Science has never before encountered an interaction such as that at work in QCD. Charting this interaction, explaining and understanding everything of which it is capable, can potentially change the way we look at the Universe.
In QCD, the interaction is everything. Yet, the La- 1 The Higgs mechanism has many attendant puzzles. For instance, within the Standard Model, nothing constrains the size of the current-quark masses. The Higgs couplings that produce them are free parameters, determined only after comparisons with data. The u-quark is light; but the b-quark is heavy, much heavier than the nucleon. A priori, there is no obvious reason for such disparity.
grangian is remarkably simple in appearance:
where {q j } are the quark fields, with j their flavor label and m j their Higgs-generated current-quark masses. {A a µ , a = 1, . . . , 8} are the gluon fields, and { 1 2 λ a } are the generators of the SU(3) (color/chromo) gauge-group in the fundamental representation. In comparison with quantum electrodynamics (QED), the single, essential difference is the term describing gluon self-interactions, marked as the underlined blue term in Eq. (1c). If QCD is correct, as suggested strongly by its ability to describe and predict a wide variety of high-energy phenomena [6] , for which the theory is perturbative owing to asymptotic freedom, then this term must hold the answers to an enormous number of Nature's basic questions, e.g.: what is the origin of visible mass and how is it distributed within atomic nuclei; and what carries the proton's spin and how can the same degrees-of-freedom combine to ensure the pion is spinless? Nowhere are there more basic expressions of emergence in Nature.
Treated as a classical theory, chromodynamics is a nonAbelian local gauge field theory. As with all such theories formulated in four spacetime dimensions, no mass-scale exists in the absence of Lagrangian masses for the quarks. There is no dynamics in a scale-invariant theory, only kinematics: the theory looks the same at all length-scales and hence there can be no clumps of anything. Bound states are therefore impossible and, accordingly, our Universe cannot exist. A spontaneous breaking of symmetry, as realized via the Higgs mechanism, does not solve this problem: the masses of the neutron and proton, the kernels of all visible matter, are roughly 100-times larger than the Higgs-generated current-masses of the light uand d-quarks, the main building blocks of protons and neutrons.
There is a flip-side: the real world's composite NG bosons are (nearly) massless. Hence, with these systems, the strong interaction's 1 GeV mass-scale is effectively hidden. In fact, there is a particular circumstance in which the pseudoscalar mesons π, K, η are exactly massless, i.e. the chiral limit, when the Higgs-generated masses in Eq. (1) are omitted. In this case, perturbative QCD predicts that strong interactions cannot distinguish between quarks with negative or positive helicity. Such chiral symmetry entails an enormous array of consequences, e.g. the pion would be partnered with a scalar meson of equal mass. However, no state of this type is observed; and, indeed, none of the consequences of this chiral symmetry are found in Nature. Instead, the symmetry is broken by interactions in QCD. Dynamical chiral symmetry breaking (DCSB) is the agent behind both the massless quarks in QCDs Lagrangian acquiring a large effective mass [7] [8] [9] and the interaction energy between those quarks cancelling their masses exactly so that the composite pion is massless in the chiral limit [10] [11] [12] .
Reinstating the Higgs mechanism, then DCSB is responsible for, inter alia: the physical size of the pion mass (m π ≈ 0.15 m N ); the large mass-splitting between the pion and its valence-quark spin-flip partner, the ρ-meson (m ρ > 5 m π ); and the neutron and proton possessing masses m N ≈ 1 GeV. Interesting things happen to the kaon, too. Like a pion, but with one of the light quarks replaced by a s-quark, the kaon comes to possess a mass m K ≈ 0.5 GeV. Here a competition is taking place, between dynamical and Higgs-driven mass-generation.
Expanding upon these observations, it is worth highlighting that the physical size of m π is actually far larger than that associated with the Higgs mechanism in the light-quark sector. Empirically, the scale of the Higgs effect for light quarks is ∼ 1 MeV [6] . (It is ∼ 100 MeV for the s-quark.) As remarked above, m π = 0 without a Higgs mechanism; but the current-masses of the light quarks in the pion are the same as they are in the kaons and as in nucleons. Hence, the simple Higgs-mechanism result is m π ≈ (m u + m d ), yielding a value which is just 5% of the physical mass. The physical pion mass emerges as the result of a huge enhancement factor produced by DCSB, which multiplies the current-quark mass contribution. (See Eq. (5) below and the associated discussion.) However, the scale of DCSB is ∼ m N /3, i.e. the size of a typical u or d constituent-quark mass; and the special NG-character of the pion means that although it should have a mass ∼ (2/3)m N ≈ m ρ , most of that mass is cancelled by gluon binding effects owing to symmetry constraints imposed by DCSB [13] .
These phenomena and features, their origins and corollaries, entail that the question of how did the Universe evolve is inseparable from the questions of how does the m N ≈ 1 GeV mass-scale that characterizes atomic nuclei appear; why does it have the observed value; and, enigmatically, why does the dynamical generation of m N have seemingly no effect on the composite NG bosons in QCD, i.e. whence the near-absence of the pion mass? Theory provides answers but the mechanisms must be confirmed empirically.
In addressing the issues identified above, four central questions arise:
• How do hadron masses and radii emerge for lightquark systems from QCD?
• What is the origin and role of dynamical chiral symmetry breaking (DCSB)?
• What is the interplay of the strong and Higgsdriven mass generation mechanisms?
• What are the basic mechanisms that determine the distribution of mass, momentum, charge, spin, etc. within hadrons?
In Sect. 2 we provide further analysis of the mass budget of the pion and proton in QCD, and also explain the need for a coherent effort in QCD phenomenology and continuum calculations, in exa-scale computing, as provided by lattice QCD (lQCD), and in experiments. Section 3 compares capabilities foreseen at the EIC with those of the only previous electron-proton collider, i.e. HERA. In Sect. 4, we describe five key experimental efforts aimed at delivering fundamental insights that will reveal answers to the central questions highlighted above:
• Hadron masses in light quark systems Measurement: pion and kaon parton distribution functions (PDFs) and pion generalized parton distributions (GPDs);
• Gluon (binding) energy in NG modes Measurement: open charm production from pion and kaon;
• Mass acquisition from DCSB Measurement: pion and kaon form factors;
• Strong versus Higgs-driven mass generating mechanisms Measurement: valence quark distributions in pion and kaon at large momentum fraction x;
• Timelike analog of mass acquisition Measurement: fragmentation of a quark into pions or kaons.
Finally, in Sect. 5, we provide a summary of the ideas and opportunities described herein.
MASS BUDGETS
In field theory, scale invariance is expressed in conservation of the dilation current
where T µν is the theorys energy-momentum tensor, which satisfies ∂ µ T µν = 0 owing to energy and momentum conservation. The catastrophic consequences of scale invariance -e.g., bound states being impossible -are avoided in Nature through the agency of quantum effects. In quantizing QCD, regularization and renormalization of (ultraviolet) divergences introduces a mass-scale, ζ. Consequently, mass-dimensionless quantities and other "constants" become dependent on ζ. This is "dimensional 2 As typical in discussions of strong QCD, hereafter we employ standard Euclidean metric conventions, e.g.: for Dirac matrices,
transmutation". It entails the appearance of a trace anomaly:
where β(α(ζ)) is QCD's β-function and α(ζ) is the associated running-coupling, which indicates that a mass-scale is born. This mass-scale is exhibited in the gauge-boson vacuum polarization. In QED, the photon vacuum polarization does not possess an infrared mass-scale, and dimensional transmutation serves merely to produce the very slow running of the QED coupling, i.e. any dynamical violation of the conformal features of QED is very small and hence the trace anomaly is negligible. In contrast, owing to gauge sector dynamics, a Schwinger mechanism is active in QCD [1, 2] , so that the QCD trace anomaly expresses a mass-scale which is, empirically, very significant. The relation between QCD's gluons (gauge-bosons) and the trace anomaly could be elucidated by experimental and theoretical studies of hadron states in which the presence of glue determines the quantum numbers, such as hybrid mesons and baryons.
Owing to Einstein's energy-mass relation: E = mc 2 , one might consider a rest-frame decomposition of the proton's mass into contributions from various components of T µν [14] ; and a contemporary lQCD calculation reports [15] : trace anomaly = 23(1)%; quark current-mass term = 9(2)%; gluon kinetic + potential energy = 36(6)%; and quark kinetic + potential energy = 32(6)%. This decompostion, however, should be interpreted with care because (i ) they depend on the reference frame and the choice of renormalization scale and (ii ) the gluons in the trace anomaly and in the kinetic and potential energy are seemingly being treated as separate entities [16] . Furthermore, it can equally be argued that in the chiral limit, using a parton model basis [13] : the entirety of the proton mass is produced by gluons and due to the trace anomaly;
Crucially, it might be possible to access the trace anomaly contribution to the proton mass through the production of J/Ψ and Υ mesons at threshold [17, 18] , through which color van der Waals forces could be accessible [19] . Given that the pion is massless in the chiral limit, then a rest-frame decomposition of the contributions to its mass is impossible: massless particles do not have a rest frame. One might attempt this for the physical-mass pion, i.e. with the Higgs mechanism turned-on, but then it is crucial to recall the Gell-Mann-Oakes-Renner relation [20] , which in modern form is
where f π is the pion's leptonic decay constant andis the chiral condensate [21] .
Equation (5) entails that all the pion's mass-squared is generated by the Higgs-connected mass term in QCDs Lagrangian. It is impossible, therefore, that only half (or any other fraction) of m π is generated by this same term [22] . Evidently, a rest-frame decomposition of the pion's mass is a theoretical challenge and can be open to misinterpretation. Notwithstanding this, there are crucial open questions. For instance, both f π andare order parameters for DCSB, providing a magnification factor for the Higgs-generated current-quark masses, which is empirically known to be very large. So, what is the relationship between the size of this magnification factor and the gluon distribution in the pion? In principle, such information could be obtained using deep inelastic scattering off pions (and kaons) to constrain the associated generalized parton distributions, whose leading moments can be related to expectation values of QCD's energy momentum tensor in the target hadron [23] .
Plainly, further guidance is required before one can properly unfold the trace anomaly's contribution to the masses of the proton, pion and kaon. This is highlighted by the following series of observations. Consider the chiral limit, in which case m π = 0, so that
i.e. the expectation value of the trace anomaly in the chiral-limit pion is identically zero. One naïve interpretation of Eq. (6) is that in the chiral limit the gluons disappear and thus contribute nothing to the pion mass. However, in the presence of a trace anomaly, both gluons and quarks acquire masses dynamically, so this is unlikely. Nonetheless, were it true, then one would be faced with some interesting conundrums, e.g. it would mean that at large renormalization scales, ζ m N , the proton is full of gluons, whereas the pion at such large scales is empty of gluons, and remains so despite the fact that QCD evolution [24] [25] [26] [27] suggests gluons dominate within every hadron on the neighborhood m N /ζ 0 [28] . Such consequences could be tested experimentally: are there gluons in the pion or not? Herein, we will outline a set of five key measurements that can address such basic issues.
A more likely explanation, and arguably the correct one, is that the expectation value of the scale anomaly vanishes in the chiral-limit pion owing to cancellations between competing effects associated with different interaction mechanisms, which are exact in the pion channel because of DCSB. Indeed, existing pion structure data from Drell-Yan processes, albeit limited, have been analyzed to separate valence quark, sea quark and gluon parton distributions. It indicates that about 40% of the momentum of the pion is carried by gluons at a scale Q 2 = 5 GeV 2 [29, 30] , roughly the same as their contribution in a proton -a finite and large gluon contribution.
In either event, with Eqs. (4) and (6) one is confronted with a peculiar dichotomy, which insists that no answer to the question "Whence the proton's mass?" is complete unless it simultaneously solves the additional puzzle "Whence the absence of a pion mass?" The natural nuclear-physics mass-scale, m N , must emerge simultaneously with apparent preservation of scale invariance in an intimately related system such as the (chiral limit) pion and kaon. Furthermore, in the chiral limit, the aforementioned cancellations must occur in the pion irrespective of the size of this mass scale, m N .
These statements hold with equal force on a sizeable neighborhood of the chiral limit because hadron masses are continuous functions of the current-quark masses. Then, using the Gell-Mann-Oakes-Renner relation [20] , as done above, it follows that the pion, or any other NG boson, has the peculiar property that the entirety of its mass owes to the current-quark mass term in QCDs Lagrangian, Eq. (1). It is natural to compare this result with that for the pion's valence-quark spin-flip partner, the ρ-meson, for which just 6% of its mass-squared is directly tied to the current-quark mass term [31] .
The key to understanding Eq. (6) is a quartet of Goldberger-Treiman-like (GT) relations [10, 11] , the best known of which states:
where E π is the leading piece of the pion's Bethe-Salpeter amplitude, and B is the scalar piece of the dressed-quark self-energy. This equation is exact in chiral QCD and expresses the fact that Goldstone's theorem is fundamentally an expression of equivalence between the quark one-body problem and the two-body bound-state problem in QCD's color-singlet flavor-nonsinglet pseudoscalar channel. An amazing consequence is that the properties of the nearly-massless pion are the cleanest expression of the mechanism that is responsible for almost all the visible mass in the Universe. It is notable that a rudimentary form of this equation can be found in the work which brought Nambu one half of the 2008 Nobel Prize in Physics for "the discovery of the mechanism of spontaneous broken symmetry in subatomic physics" [32] . With the quartet of GT relations in hand, one can construct an algebraic proof [10, 12] , that at any and each order in a symmetry-preserving truncation of those equations in quantum field theory necessary to describe a pseudoscalar bound state, there is a precise cancellation between the mass-generating effect of dressing the valence-quarks which constitute the system and the attraction generated by the interactions between them. This guarantees the "disappearance" of the scale anomaly in the pion in the chiral limit through cancellations between one-body dressing and two-body interaction effects that sum precisely to zero because chiral symmetry is dynamically broken -the dressed quark and anti-quark masses in the pion are canceled by a (negative) binding energy. An analogy with quantum mechanics emerges: the mass of a QCD bound-state is the sum of the mass-scales characteristic of the constituents plus some (negative and sometimes large) binding energy.
Since QCD's interactions are universal and the same in all hadrons, similar cancellations must take place within the proton. However, in the proton channel there is no FIG. 1: Twist-two parton distribution amplitudes at a resolving scale ζ = 2 GeV=: ζ2. A solid (green) curve pion ⇐ emergent mass generation is dominant; B dot-dashed (blue) curve ηc meson ⇐ Higgs mechanism is the primary source of mass generation; C solid (thin, purple) curve -asymptotic profile, 6x(1 -x); and D dashed (black) curve "heavy-pion", i.e. a pion-like pseudo-scalar meson in which the valencequark current masses take values corresponding to a strange quark ⇐ the boundary, where emergent and Higgs-driven mass generation are equally important.
symmetry that requires the cancellations to be complete. Hence, the proton's mass has a value that is typical of the magnitude of scale breaking in QCD's one body sectors, viz. the dressed-gluon and -quark mass scales. The picture described here may be called the "DCSB paradigm". It provides a basis for understanding why the mass-scale for strong interactions is vastly different to that of electromagnetism, why the proton mass expresses that scale, and why the pion is nevertheless unnaturally light.
In this picture, no significant mass-scale is possible in QCD unless one of commensurate size is expressed in the dressed-propagators of gluons and quarks. It follows that the mechanism(s) responsible for the generation of mass in QCD can be exposed by measurements that are sensitive to such dressing effects.
This potential is offered by many observables, including hadron elastic and transition form factors; but as an illustrative example, consider a particular class of meson "wave functions", i.e. twist-two parton distribution amplitudes (PDAs), a number of which are depicted in Fig. 1 . This image answers the following question: When does the Higgs mechanism begin to influence mass generation? In the limit of infinitely-heavy quark masses; namely, when the Higgs mechanism has overwhelmed every other mass generating force, the PDA becomes a δ-function at x = 1 2 . The sufficiently heavy η c meson, constituted from a valence charm-quark and its antimatter partner, feels the Higgs mechanism strongly. On the other hand, contemporary continuum-and lattice-QCD calculations predict that the PDA for the lightquark pion is a broad, concave function [33] [34] [35] [36] [37] . Such features are a definitive signal that pion properties ex-
Lattice-QCD computations of the pions electromagnetic charge radius (green circles [38] , red down-triangle [39] , cyan cross [40] ) as a function of m 2 π , compared with a continuum theory prediction [41] (blue curve within bands, which indicate response to reasonable parameter variation). The continuum analysis establishes fπrπ ≈ constant, from which it follows that the size of a Nambu-Goldstone mode decreases in inverse proportion to the active strength of the dominant mass generating mechanism. The empirical value of rπ is marked by the gold star.
press emergent mass generation. The remaining example in Fig. 1 shows that the PDA for a system composed of s-quarks almost matches that of QCDs asymptotic (scalefree) limit: this system lies at the boundary, with strong (emergent) mass generation and the weak (Higgs-driven) mass playing a roughly equal role.
These observations indicate that comparisons between distributions of truly light quarks and those describing strange quarks are ideally suited to exposing measurable signals of dynamical mass generation.
In selecting measurements that will enable the origin of mass in the pion and kaon to be identified and the mass distributions charted, one will also be led naturally to experiments and analyses that reveal the distribution of charge, momentum, spin, etc., within these most fundamental of bosons. For example, measuring the pions electromagnetic size and mapping its charge distribution have long been central problems in nuclear physics. The radius is known [6] , banner experiments at the Thomas Jefferson National Accelerator Facility (JLab) have provided precise data on the elastic electromagnetic form factor out to Q 2 ≈ 2.5 GeV 2 [42] [43] [44] [45] [46] , planned experiments will extend this upper bound to Q 2 ≈ 8.5 GeV 2 [47] [48] [49] , and continuum-and lattice-QCD analyses are making predictions that connect these properties to the origin of mass, through the pion's leptonic decay constant and the distribution amplitudes in Fig. 1 . Recent progress is illustrated in Fig. 2 , which displays contemporary lQCD [38] [39] [40] and continuum computations [41] of the pion's charge radius, and correlates them with the source of mass in the Standard Model. The program
Sullivan processes. In these examples, a nucleon's pion cloud is used to provide access to the pion's (a) elastic form factor and (b) parton distribution functions.
2 is a Mandelstam variable and the intermediate pion,
described herein will therefore have a wide-ranging impact on our understanding of the strong forces that shape hadrons, nuclei and nuclear matter.
CAPACITY OF EIC AND COMPARISON WITH HERA

A. Pion and Kaon Sullivan Process
In specific kinematic regions, the observation of recoil nucleons (hyperons) in the semi-inclusive reaction ep → e (n or Y )X can reveal features associated with correlated quark-antiquark pairs in the nucleon, referred to as the "nucleons meson cloud", or the "five-quark component of the nucleon wave function". In particular, according to current models, at low values of the fourmomentum, t, transferred from the initial proton, p, to the final neutron, n, or hyperon, Y , the cross-section displays behavior characteristic of meson (pion vs. kaon, respectively) pole dominance. The electron deep-inelasticscattering (DIS) off the meson cloud of a nucleon target is called the Sullivan process [50] . Illustrated in Fig. 3 , it is typically interpreted such that the nucleon parton distributions necessarily contain a mesonic parton content [51] [52] [53] . To access the pion or kaon partonic content via such a structure function measurement requires scattering from a meson target.
The Sullivan process can provide reliable access to a meson target as t becomes space-like, if the pole associated with the ground-state meson remains the dominant feature of the process and the structure of the related correlation evolves slowly and smoothly with virtuality. FIG. 4 : Virtuality-dependence of pion twist-two PDA. Solid (blue) curve: vπ = 0 result; and dot-dashed (green) curve, PDA at vπ = 31. Even this appreciable virtuality only introduces a modest rms relative-difference between the computed PDAs; namely, 13%. Measured equivalently, the zero virtuality result differs by 34% from that appropriate to QCD's asymptotic limit (dotted, red curve).
To check whether these conditions are satisfied empirically, one can take data covering a range in t, particularly low |t|, and compare with phenomenological and theoretical expectations. Theoretically, a recent calculation [54] explored the circumstances under which these conditions should be satisfied. Defining pion virtuality as v π = (m π − t)/m π , it was found that, for v π ≤ 30, which corresponds to −t ≤ 0.6 GeV 2 , all changes in pion structure are modest so that a well-constrained experimental analysis should be reliable (see Fig. 4 ). Similar analyses for the kaon indicate that Sullivan processes can provide a valid kaon target for −t ≤ 0.9 GeV 2 .
B. EIC Detection Capabilities
In the case of a proton to neutron Sullivan process, used to tag a virtual pion target, the final state neutron moves forward with a large part of the initial beam energy. For an EIC with proton beam energy E b = 100 GeV, this means detecting near to 100 GeV neutrons in a zero-degree calorimeter (ZDC). The ZDC must reconstruct the energy and position well enough to help constrain both the scattering kinematics and the 4-momentum of the pion.
A 35%/ √ E b energy resolution will constrain the neutron energy to 3.5%; this resolution for high-energy neutrons is known to be achievable for hadron calorimeters and directly translates into the achievable resolution in x [55] [56] [57] . A forward detector is integrated with the interaction region and provides excellent coverage and resolution. Protons and charged fragments passing through the final focusing quadrupole are analyzed by a magnetic dipole field and detected with longitudinal momentum resolution δp L /p L ∼ 10 −4 , transverse momentum resolution of δp T ∼ 20 MeV, and complete coverage down to p T = 0. The position resolution needs depend on the positioning of the ZDC; but assuming a placement of the detector at 50 meters from the interaction point, a resolution of a few mm, which has been demonstrated [58] for forward neutrons at HERA with proton beam energies of 820 GeV, will achieve ∼ 0.1 mrad angular resolution at the vertex.
A nice consistency check can further be provided by tagging two protons following an electron-deuteron beam collision to measure the neutron to proton Sullivan process, a relatively easy detection for an EIC with analysis of two charged particles.
For the p → Λ Sullivan process, as required to tag the kaon cloud, the decay products of the Λ must be tracked through the very forward spectrometer. Some initial acceptance studies were done that indicate a good geometric acceptance for the decay products (see Fig. 5 ), but further studies need to be completed in order to quantify the performance in terms of particle identification and resolution of the current EIC detectors. Note that the various processes to tag the pion and kaon can be measured simultaneously, and that the geometric acceptances are never fully 100% as a forward-going neutron or a decay product can end up in the bore of the various interaction magnets.
C. Anticipated Statistical Precision of Pion and Kaon Structure Function Results
The projected brightness for a high-luminosity EIC is nearly three orders-of-magnitude above that of HERA, 10 34 e-nucleons/cm 2 /s versus 10 31 e-nucleons/cm 2 /s. In addition, detection fractions for the pion and kaon Sullivan-process products are constructed to be better at EIC as compared to HERA. For instance, the anticipated leading neutron detection is well beyond the 20% leading neutron detection efficiency of HERA, and the geometric detection efficiency for the kaon Sullivan-process products is also roughly 20% or better at EIC (see Fig. 5 ). Notably, the detection of two-charged protons following e−d collisions to map the (negatively-charged) pion Sullivanprocess is nearly 100% efficient.
Lastly, the duration of active data taking for ZDCs at HERA was limited. Hence, one anticipates roughly a four orders-of-magnitude additional reach in pion structure function measurements at EIC versus what was achieved in the pioneering measurements at HERA. This directly balances the ratio of tagged pion structure function measurements through the Sullivan process in various bins of t (with bin size of 0.02 GeV 2 ) to F 2 proton structure function measurements (see Fig. 6 ). With a suitable detector configuration, access to high x π (→ 1) will be possible, allowing overlap with fixed-target experiments [59] [60] [61] . Overlap with Drell-Yan measurements will also settle the unknown pion flux factor associated with the Sullivan process measurements. Kaon structure was not studied at HERA; but the ratio of kaon structure function (under the condition of a Λ detection) to the proton structure function at small −t is similar to that for the pion Sullivan process (∼ 10 −3 ). Hence, one would anticipate both pion and kaon structure function measurements as functions of (t, x, Q 2 ) at a high-luminosity (10 34 or more) EIC to be of similar statistical precision as the well-known, textbook HERA proton F 2 structure function measurements. One should therefore be able to constrain the gluon distributions in the pion and kaon.
KEY EIC MEASUREMENTS
We now outline a science program, consisting of (a series of) five key measurements, whose composition FIG. 7: A sample EIC extraction of valence quark, sea quark and gluon PDFs in the pion, at a scale Q 2 = 10 GeV 2 . The extraction is done with the following assumptions on PDFs: the u PDF equals thed PDF in the pion and theū PDF is the same as the other sea quark PDFs (d, s ands). The extraction at xπ < 10 −2 , at this Q 2 scale, is constrained by the existing HERA data.
emerged from discussions during a series of workshops focused on studies of pion and kaon structure at the EIC. These five key measurements were chosen because of their potential to deliver fundamental insights into the origin of the mass of those hadron bound states whose existence is crucial to the evolution of our universe.
A. Pion and Kaon PDFs and Pion GPDs
The mass of the pion is roughly 140 MeV, of the kaon 493 MeV, and of the proton 939 MeV. In the chiral limit, the mass of the proton is entirely given by the trace anomaly in QCD, Eq. (4). The mass of the pion has, in this same limit, either no contribution at all from the trace anomaly or, more likely, a cancellation of terms occurs in order to ensure the pion is massless, Eq. (6).
Beyond the chiral limit, a decomposition of the proton mass budget has been suggested, expressing contributions from quark and gluon energy and quark masses [14] . With the various quark (flavor) and gluon distributions in the proton reasonably well known, the largest uncertainty here lies with the trace anomaly contribution.
For the pion, further guidance on the magnitude of quark and gluon energy can, as for the proton, be determined from measurements of the pion and kaon structure functions, with resulting constraints on quark and gluon PDFs, over a large range of x π and momentum-transfer squared, Q 2 . This is accessible for the EIC, roughly covering down to x π = 10 −3 at Q 2 = 1 GeV 2 and up to x π = 1 at Q 2 = 1000 GeV 2 . A sample extraction of valence quark, sea quark and gluon distributions from projected EIC data is given in Fig. 7 . Data from electrondeuteron collisions, tagged with two high-energy protons, can further give access to the oppositely-charged pion Sullivan process and provide a comparison.
Additionally, measurement of the neutral-current parity-violating asymmetry could provide a further consistency check for the pion PDFs and also, for the kaon, enable u and s,s quark flavor separation at large x because of its sensitivity to different flavor combinations of valence-quark PDFs. Experiments that will deliver new pion and kaon Drell-Yan data are also proposed for the CERN M2 beam line by the COMPASS++/AMBER collaboration, which would constrain the separated valence and sea quark pion PDFs above x π = 0.2. The previously published HERA results on the pion Sullivan process would continue to be used to constrain the pion PDFs on x π < 10 −3 at Q 2 = 1 GeV 2 [30] .
It is anticipated that a combination of the global data set described above, used in conjunction with the anticipated EIC data, will form the basis for a rigorous meson parton distribution function analysis effort. Initial forays into extracting meson PDFs from data exist [30, 62, 63] already. In all such efforts, parametric form, model, theory, and other uncertainties come into play, just as with the multi-decade, ongoing nucleon PDF extractions [64] . However, such considerations will not alter the salient features; and the single most important factor to reduce the meson PDF uncertainties is increased data, in particular, increased kinematic range of data.
Supposing, as accumulating evidence suggests, that a material nonzero domain in −t exists whereupon one can extract physical π (K) information using the Sullivan process, then within the projected EIC luminosity reach and detection capabilities, one could even envision measurements of the pion's GPD. Projected experimental results would be, at least, at the level achieved previously at HERA for the proton. Moreover, should the data validate the assumption that reliable π (K) structure data can be extracted for −t ≤ 0.6(0.9) GeV 2 , then one would even gain an order-of-magnitude in statistics as compared to HERA proton data.
A strong motivation for such measurements is the fact that the leading x-moment of the pion's (kaon's) GPD provides access to the distributions of mass and momentum within the pion (kaon). Since these distributions can be calculated [65] [66] [67] [68] [69] [70] [71] , such data can significantly influence future theoretical perspectives. More speculatively, using elastic J/Ψ and Υ production near threshold, one could attempt to obtain guidance on the trace anomaly contributions to the π (K) mass, with uncertainties perhaps a factor of ten larger than those for the proton. At the same time, the data would provide the unique opportunity to gain valuable insights regarding the pion's transverse-momentum dependent structure at both leading and sub-leading twist [72] , and similarly for the kaon, from semi-inclusive deep inelastic scattering measurements.
B. Gluon Energy in the Pion and Kaon
Alternatively, one can directly access gluon PDFs in the pion and kaon through open charm production [73] from the proton's meson cloud using the versatility of EIC, with its high luminosity and energy reach. In the chiral limit and at very high momentum transfer squared (Q 2 ) scales, the gluon distributions in the proton are expected to grow with Q 2 until a saturation scale is ultimately reached. Equally in the chiral limit, there remain puzzles for the pion, e.g. do the gluons disappear in this limit in the pion, or do gluons persist and cancellations keep the pion near-massless?
Such open charm measurements would require large longitudinal momentum (x L ) scales; hence, excellent hadronic calorimetry energy resolution and sufficiently high luminosity to produce copious open charm events in the small-t region. Ideally, EIC would provide a map of data in fine bins of x L and −t and therewith convincing evidence that one can truly extract the gluon distributions of a physical pion and/or kaon at large x ( 0.2), as a function of Q 2 . On this domain, EIC could potentially provide measurements of gluon PDFs in the π and K over a range in Q 2 from a few GeV 2 to a few 100 GeV 2 , thus providing a good lever arm to map the Q 2 -dependence and settle if gluons in the pion disappear or persist.
At large x, lQCD could also provide information on gluon distributions in pions and kaons as extracted from the lowest structure function moments. Such a lQCD calculation would have strong synergy with the EIC science program. EIC could also provide the fractional gluon contributions to these moments at lower values of x, so that one could, in principle, use these as part of the calculated lattice moments to better constrain the extracted values at large-x and compare with experimental EIC data. lQCD could potentially also provide guidance on the gluon distributions in exotic/hybrid states and help develop physical intuition regarding their contribution to the masses of such states. Steps in these directions are being taken [74] .
C. Pion and Kaon Form Factors
The elastic electromagnetic form factors of the charged pion and kaon, F π (Q 2 ) and F K (Q 2 ), are a rich source of insights into basic features of hadron structure, such as the roles played by confinement and DCSB in fixing the hadron's size, determining its mass, and defining the transition from the strong-to perturbative-QCD domains (see Fig. 2 and the associated discussion). Studies during the last decade, based on JLab 6-GeV measurements, have generated confidence in the reliability of pion electroproduction as a tool for pion form factor extractions (see Sect. 3 A). Forthcoming measurements at the 12-GeV JLab will deliver pion form factor data that are anticipated to bridge the transition region. Starting in the 
long-distance (small-Q
2 ) domain, where F π (Q 2 ) is characterized by r π , and moving to shorter distances (larger Q 2 ), where power-law scaling and logarithmic scaling violations, characteristic of hard gluon and quark degrees-offreedom, become visible in the Q 2 -dependence of F π (Q 2 ), but its magnitude is set by a light-front pion wave function which is dilated owing to DCSB [34] . Both lQCD and continuum methods are being developed in order to provide robust predictions for the breadth and character of this transition domain [38] [39] [40] [41] .
The connection between such observables and mass generation in the Standard Model is illustrated in Fig. 8  [41] . The upper panel depicts two similar but distinct dressed light-quark mass-functions, characterized by a different DCSB strength, i.e. the k 2 = 0 value. The solid green curve was computed using a QCD effective charge whose infrared value is consistent with modern continuum and lattice analyses of QCD's gauge sector [75, 76] ,
Projected EIC pion form factor data as extracted from a combination of electron-proton and electron-deuteron scattering, each with an integrated luminosity of 20 fb −1 -black stars with error bars. Also shown are projected JLab 12-GeV data from a Rosenbluth-separation technique -orange diamonds and green triangle. The long-dashed green curve is a monopole form factor whose scale is determined by the pion radius. The black solid curve is the QCD-theory prediction bridging large and short distance scales, with estimated uncertainty [41] . The dot-dashed blue and dotted purple curves represent the short-distance views [77] [78] [79] , comparing the result obtained using a modern DCSB-hardened PDA and the asymptotic profile, respectively.
whereas the dashed blue curve was obtained after reducing this value by 10%. In a fully-consistent calculation, such a modification is transmitted to every element in the calculation, viz. propagators, bound-state wave function, and photon-quark coupling; and subsequently to all observables. The resulting impact on F π (Q 2 ) is depicted in the lower panel: evidently, this experiment is a sensitive probe of the strength of emergent mass generation. The lower panel of Fig. 8 also depicts results obtained using the QCD hard scattering formula derived for pseudoscalar mesons [77] [78] [79] . As noted above and explained elsewhere [80, 81] , at empirically accessible energy scales they, too, are sensitive to the emergent mass scale in QCD.
At EIC, pion form factor measurements can be extended to still larger Q 2 , by measuring ratios of positively-and negatively-charged pions in quasi-elastic electron-pion (off-shell) scattering using the Sullivan process. The measurements would be over a range of small −t, constrained to sufficiently small virtuality and gauged with theoretical and phenomenological expectations, to again verify the reliability of the pion form factor extraction.
A consistent and robust EIC pion form factor data set will probe deep into the region where F π (Q 2 ) exhibits strong sensitivity to both emergent mass generation via DCSB and the evolution of this effect with scale. Figure 9 shows the EIC projections for possible pion form factor measurements. The pion form factor projections assume an integrated luminosity of 20 fb −1 with a 5 GeV electron beam colliding with a 100 GeV proton beam. The uncertainties include statistical and 2.5% point-to-point and 12% scale systematic uncertainties (similar to what was found for the HERA-H1 pion structure function data), and are propagated from the cross-section from which the pion form factor is extracted. Moreover, since a longitudinal/transverse separation of the cross-section is not possible at EIC, owing to an inability to access small photon polarization; the uncertainty owing to the model used to estimate the longitudinal and transverse contributions to the cross-section is also considered. The model is assumed to have been validated by the ratio of charged-pion π + /π − data extracted separately from electron-proton and electron-deuteron beam collisions with equivalent center-of-mass energy and integrated luminosity.
Measurements at the 12-GeV JLab on exclusive kaon electroproduction beyond the resonance region at −t ≤ 0.9 GeV 2 and Q 2 up to ≈ 5 GeV 2 will need to be completed to provide similar guidance on whether high-Q 2 kaon form factor measurements can be feasible at EIC.
D. Valence-Quark Distributions in the Pion and
Kaon at Large Momentum Fraction x
As noted above (see Fig. 1 ), comparisons between distributions of truly light quarks and those describing squarks may be ideally suited to exposing measurable signals of dynamical mass generation. A striking example can be found in a comparison between the valence-quark PDFs of the pion and kaon at large x. A significant disparity between these distributions would point to a marked difference between the fractions of pion and kaon momentum carried by the other bound state participants, particularly gluons. Both phenomenological observations (e.g. a heavier quark should radiate less gluons than a light quark) and continuum QCD theory [82] predict that the gluon content of the pion is vastly greater than that of the kaon.
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This may be viewed as an expression of the nearcomplete cancellation in the almost massless pion between strong-mass-generating dressing of the valencequark and -antiquark on one hand and binding attraction on the other. Such effects set this system apart from the more massive kaon, wherein the cancellation is much less effective owing to the larger value of the Higgs-generated s-quark current-mass. Consequently, high-precision measurements of the valence-quark distributions in the pion and kaon at large x, over a range of momentum transfer scales that will enable guidance to be drawn for a rigorous QCD interpretation, are a high-priority; and they are achievable with the EIC.
The quality of possible EIC measurements is illustrated in Fig. 10 ; evidently, they can effectively determine the anticipated differences between the pion and kaon. These measurements at large x will drive the hadronic calorimetry requirements to pinpoint the scattering kinematics, whereas all described measurements require good angular or transverse momentum resolution and complete kinematic coverage. Such planning is complemented by ongoing progress in theory. Marking one significant class of advances, novel lQCD algorithms [85] [86] [87] [88] [89] are beginning to yield results for the pointwise behavior of the pion's valencequark distribution [90] [91] [92] [93] [94] , offering promise for information beyond the lowest few moments [95] [96] [97] [98] . Extensions of the continuum analysis in Ref. [99] are also yielding new insights. For example, a class of corrections to the handbag-diagram representation of the virtual-photonpion forward Compton scattering amplitude has been identified and shown to restore basic symmetries in calculations of valence-quark distribution functions [100] . (Such corrected expressions were used in Ref. [82] .)
Capitalising on these new developments, a recent, parameter-free continuum analysis delivered predictions for the valence, glue and sea distributions within the pion [101] ; unifying them with, inter alia, electromagnetic pion elastic and transition form factors. The analysis reveals that the valence-quark distribution function is hardened by DCSB and produces the following apportioning of momentum at the scale ζ = ζ 2 :
These results are consistent with a phenomenological analysis of data on π-nucleus Drell-Yan and leading neu-
Pion valence-quark momentum distribution function, xu π (x; ζ5): dot-dot-dashed (grey) curve within shaded band -lQCD result [93] ; long-dashed (black) curve -early continuum analysis [99] ; and solid (blue) curve embedded in shaded band -modern, continuum calculation [101] . Gluon momentum distribution in pion, xg π (x; ζ5) -dashed (green) curve within shaded band; and sea-quark momentum distribution, xS π (x; ζ5) -dot-dashed (red) curve within shaded band. (In all cases, the shaded bands indicate the size of calculationspecific uncertainties, as described elsewhere [101] .) Data (purple) from Ref. [102] , rescaled according to the analysis in Ref. [63] .
tron electroproduction [30] : 2x π u = 0.48(1) at ζ = 2.24 GeV. Moreover, the glue and sea ordering agrees with that in [30] : in detail, the gluon momentum-fraction in Eq. (8) is ∼ 20% larger and that of the sea is commensurately smaller.
Importantly, as illustrated in Fig. 11 , after evolution to ζ = ζ 5 , the continuum prediction for u π (x) from Ref. [101] matches that obtained using lQCD [93] . Given that no parameters were varied in order to achieve this or any other outcome in Ref. [101] , one has arrived at a remarkable, modern confluence, which suggests that real strides are being made toward understanding pion structure. It is essential to extend these continuum-and lattice-QCD studies to the analogous problem of predicting kaon distribution functions.
E. Quark Fragmentation into Pions or Kaons
Central to solving QCD is an elucidation of the nature of confinement and its connection with DCSB. In the presence of light quarks, confinement is a dynamical process: a gluon or quark is produced and begins to propagate in spacetime; but after a short interval, an interaction occurs so that the parton loses its identity, sharing it with others. Finally, a cloud of partons is produced, which coalesces into color-singlet final states. This is the physics of parton fragmentation functions (PFFs), which describe how QCD partons, generated in a high-energy event and (nearly) massless in perturbation theory, convert into a shower of massive hadrons, i.e. they describe how hadrons with mass emerge from massless partons.
Such observations support a view that PFFs are the cleanest expression of dynamical confinement in QCD. Moreover, owing to Gribov-Lipatov reciprocity [103] , PDFs and PFFs are related by crossing symmetry in the neighborhood of their common boundary of support. Hence, like PDFs, PFFs provide basic insights into the origin of mass, serving as timelike analogs and providing a basic counterpoint to the PDFs.
In addition, every cross-section that can yield a given hadronic transverse-momentum-dependent parton distribution (TMD = 3D momentum image) involves a related PFF and requires knowledge of their dependence on both z and k ⊥ , where z is the fractional energy carried away by the hadron and k ⊥ is the transverse momentum acquired. Evidently, the future of momentum imaging depends critically on making significant progress with the measurement, computation and understanding of PFFs. Notwithstanding these demands, there are currently no realistic computations of PFFs. Indeed, even a formulation of the problem remains uncertain.
EIC will provide precision data on quark fragmentation into a pion or kaon as a function of (z, k ⊥ ), at large z (> 0.5) and small k ⊥ (< 1 GeV), as illustrated in Fig. 12 . This is a crucial domain, testing most directly those aspects of QCD calculations that incorporate and express emergent phenomena, such as confinement, DCSB, and bound-state formation. Indeed, the fact that only boundstates emerge from such collisions is one of the cleanest available manifestations of confinement. EIC will be unique in these measurements as compared to fixedtarget experiments, since one needs the energy range, versatility, and excellent detection capabilities in the collider environment to first cleanly single out the pion or kaon target and subsequently the fragmentation process tag. The empirical effort will deliver multi-dimensional bins in x, Q 2 , z, and transverse hadron momentum, P T , as desired by both phenomenology, for fitting and use in the analysis of a diverse array of processes, and theory aimed at the calculation and interpretation of PFFs.
CONCLUSION
A striking feature of the strong interaction is its emergent 1-GeV mass-scale, as exhibited in the masses of protons, neutrons and numerous other everyday hadronic bound states. In sharp contrast, the energy associated with the gluons and quarks confined inside the strong interaction's Nambu-Goldstone bosons, such as the pion and kaon, is not so readily apparent. Even if both quarks and gluons acquire mass dynamically, in all hadrons, the pion ends up near-massless, and the kaon, where Higgsdriven and emergent mass generating mechanisms compete, ends up acquiring just half the 1-GeV mass scale.
At EIC, pion and kaon structure can be measured through the Sullivan process, which necessarily means mesons are accessed off-shell. Nevertheless, recent experimental and phenomenological work strongly indicates that, under certain achievable kinematic conditions, the Sullivan process provides reliable access to a true meson target. Moreover, the off-shell dependence is measurable. At EIC, measurements could be made as a function of −t, and the kinematic conditions required to obtain physical pion and kaon structure information can be charted and exploited further.
Herein, we have identified and described five key EIC measurements that can be expected to deliver farreaching insights into the dynamical generation of mass, the crucial feature of the Standard Model which leads to apparently mysterious differences between pion, kaon and proton structure.
(i) Measurement of pion and kaon structure functions and their generalized parton distributions will render insights into quark and gluon energy contributions to hadron masses.
(ii) Measurement of open charm production will settle the question of whether gluons persist or disappear within pions in the chiral limit -if they persist it proves the cancellation of terms that must occur such that the pion mass is driven by Higgsgenerated current quark masses, albeit with a huge emergent magnification factor.
(iii) Measurement of the charged-pion form factor up to Q 2 ≈ 35 GeV 2 , which can be quantitatively related to emergent-mass acquisition from dynamical chiral symmetry breaking.
(iv) Measurement of the behavior of (valence) u-quarks in the pion and kaon, which gives a quantitative measure of the contributions of gluons to NG boson masses and differences between the impacts of emergent and Higgs-driven mass generating mechanisms.
(v) Measurement of the fragmentation of quarks into pions and kaons, a timelike analog of mass acquisition, which can potentially reveal relationships between dynamical chiral symmetry breaking and the confinement mechanism.
